We sought to evaluate the relation between long-term functional outcome after revascularization in patients with chronic ischaemic left ventricular (LV) dysfunction and baseline extent of myocardial fibrosis.
Introduction
Functional outcome after revascularization of chronic ischaemic dysfunctional myocardium is related to the pre-operative regional extent of fibrosis and the presence of a sufficient number of residual viable myocytes. 1, 2 However, functional recovery is often incomplete even in regions assessed as viable by a variety of techniques. Several studies using delayed contrast-enhanced cardiovascular magnetic resonance (deCMR) have shown that up to 22% of regions with little or no fibrosis do not improve. 1, 3, 4 Although this may be partly attributed to incomplete revascularization, or early or late graft failure, it may also be explained by the timing of the follow-up functional study. Functional recovery of hibernating regions, especially those with more advanced structural damage, may be considerably delayed. Functional outcome after revascularization is generally assessed after 3 -6 months, whereas a longer interval would be more appropriate. So far, few reports have explored the time course of functional recovery in relation to baseline markers of viability. 5 -7 To address this issue, we used cine and deCMR to study a group of patients with chronic ischaemic dysfunction before and 3, 6, and 24 + 12 months after revascularization. Using quantitative analysis of left ventricular (LV) function and regional extent of hyperenhancement, long-term functional outcome and time course of functional changes were related to baseline extent of fibrosis.
Methods Patients
All patients with known coronary artery disease and regional wall motion abnormalities on echocardiography or LV angiography, without CMR contraindications, who were scheduled to undergo surgical or percutaneous revascularization between April 2001 and February 2004, were study candidates. The Committee on Research Involving Human Subjects of the VU University Medical Centre, Amsterdam, approved the study protocol. All patients gave written informed consent.
Initially, 120 study candidates were prospectively earmarked as potential study candidates from the coronary artery bypass surgery (CABG) and PCI waiting lists at our hospital. Patients were initially contacted by phone and were offered study information by mail. Ten patients could not be reached in time before the revascularization, 12 patients refused to participate directly without giving any reason, 14 patients were already participating in another study, and five other patients spoke neither Dutch nor English. The remaining 79 patients received the study information. They were contacted by phone again a week later and asked whether they would like to participate in the study. Seventeen patients refused to give their consent. Six patients were willing but could not participate for logistical reasons, e.g. scanner availability. One patient forgot his first MRI appointment three times in a row and was excluded by us from further participation. Another two patients appeared claustrophobic at the very beginning of the first examination and were not able to complete the study. Fiftythree patients completed CMR examination 4 + 2 weeks before revascularization. Three of them appeared not to be suitable for the study owing to absence of wall motion abnormalities in two cases and no revascularization in one case. CMR was repeated 3, 6, and 24 + 12 months (median 26 months, range 13 -44 months) after revascularization in 45, 41, and 35 patients, respectively. No patient died. Six patients were excluded from the study: in one patient, the CABG was accompanied by LV aneurysmectomy, four patients had electrocardiographic and/or biochemical evidence of peri-procedural myocardial infarction, and one patient had a permanent pacemaker implanted. Two patients suffered a cerebrovascular accident. Follow-up was incomplete in the remaining seven patients: no follow-up in four patients [(newly developed) claustrophobia in two, fear of needles in one, lack of motivation in one], and two patients declined to return after the 3 month study, and one for the 3 and the 6 month study. The baseline characteristics of the 35 patients, who underwent all four CMR examinations, are listed in Table 1 .
CABG was performed in 25 patients and percutaneous transluminal coronary angioplasty (PTCA) in 10. All patients were in stable clinical condition at the time of the CMR examinations and there was no clinical evidence of ischaemic events in the period between the CMR examinations and revascularization. Complete revascularization was defined as revascularization of all major epicardial vessels or first generation side branches with .50% diameter stenosis. For patients in whom revascularization was incomplete, only segments in revascularized coronary artery territories were considered. 8 
Cardiovascular magnetic resonance
All scans were performed on a 1.5 T scanner (Sonata, Siemens, Erlangen, Germany), with the patient in a supine position, using a four-element phased array cardiac receiver coil. ECG-gated cine images were acquired using a breath-hold-segmented steady-state free precession sequence (true FISP; echo time/repetition time of 1.2/3.2 ms; resolution of
). Per patient, eight to 10 short-axis views were obtained every 10 mm starting from the mitral valve insertion and covering the entire left ventricle.
A gadolinium-based contrast agent (Magnevist, Schering AG, Berlin, Germany; 0.2 mmol/kg) was then administered intravenously with a power injector through a peripheral vein. After 10 -15 min, contrast-enhanced images were acquired in the same orientation as the cine images, using a two-dimensional segmented inversion recovery gradient-echo pulse sequence triggered to end-diastole (repetition time/echo time ¼ 9.6/4.4 ms, flip angle 258, matrix 208 Â 256, and a typical voxel size of 1.6 Â 1.3 Â 5.0 mm 3 ).
Data analysis
All data were analysed on a separate workstation (Sun Microsystems, Inc., Santa Clara, CA, USA), using a dedicated software package (MASS 5.1, Medis, Leiden, The Netherlands).
Segmental function
Segmental wall thickness was measured at end-systole and end-diastole after manual tracing of endocardial and epicardial borders in stop-frame images, excluding trabeculations and papillary muscles. The contours were drawn blinded to patient identity, clinical history, and scan time point. The analysis program used the modified centreline method Ejection fraction at baseline, % 39 + 11
Months between infarction and baseline CMR (range) 53 (2 -177)
Functional recovery after revascularization dysfunctional. Registration of follow-up cine images was achieved using standard imaging procedure and various anatomical landmarks such as right ventricle septal insertion sites, papillary muscle location, and trabecularization patterns in the right and left ventricles. Functional improvement was defined as an increase in SWT of !1.5 mm compared with baseline, based on the in-plane spatial resolution of the cine sequence.
The results of intraobserver and interobserver (by two observers) variabilities of SWT were determined in 10 randomly chosen patients. The time period between the repeated readings was 2 weeks. Images were evaluated using a 16-segment model. 8 Using the full coverage cine short-axis data set, six basal, six mid-ventricular, and four distal segments were composed by averaging the data of a maximum of three short-axis slices. The most basal short-axis slice used for the composition of the basal segments was located just below the LV outflow tract. The two most apical slices were excluded, because short-axis images at this level preclude a reliable segmental evaluation owing to small diameter.
Global function
LV end-diastolic and end-systolic volumes (LVEDV and LVESV, respectively) were determined by planimetry of all short-axis images in each patient. LV ejection fraction (LVEF, in percentage) was calculated as (LVEDV -LVESV)/LVEDV.
Segmental hyperenhancement
Hyperenhanced regions were quantified after standardization by thresholding signal intensity contrast-enhanced images as described previously. 10 Areas of hyperenhancement were quantified by computer-assisted planimetry on each of the short-axis images, and segmental extent of hyperenhancement (SEH) was expressed as percentage of segmental area. Images were evaluated according to the same 16-segment model as described earlier. All segments were assigned to one of the following SEH groups: 1 -0, 2 -1 to 25, 3 -26 to 50, 4 -51 to 75, and 5 -76 to 100% hyperenhancement.
Statistical analysis
All values are expressed as mean + SD. The paired sample t-test and the independent samples t-test were used to compare means within the study group or between subgroups. We used multilevel logistic regression (MlwiN, version 1.02.0007, Centre for Multilevel Modelling, London, UK) 11, 12 to adjust for the non-independence of the data to evaluate the relation between baseline extent of hyperenhancement and change in SWT. In this analysis, we added a random intercept and we estimated the regression coefficients (as fixed effects and transformed them into the odds ratios) for the dummy variables, reflecting the different groups of hyperenhancement. We used the 0% SEH group as a reference, so all other groups were related to this one. The dummy variables for SEH were in the model as fixed effects. Because we had only two levels (segments clustered within patients) and no random slopes, there was no covariance of the random effects, so no particular structure was chosen. The regression equation was used to calculate odds ratios, which expressed the likelihood of improvement relative to functional outcome of segments without any hyperenhancement. The multilevel logistic regression was also used to evaluate time course of regional functional improvement in relation to segmental extent of myocardial fibrosis. ANOVA for repeated measurements (using univariate estimation approach with the Greenhouse Geisser adjustment and testing the difference between baseline and post-baseline measurements) was applied to analyse changes in global ventricular function. We used linear regression analysis to assess the relation between viability at baseline and changes in ejection fraction at late follow-up. Intraclass correlation coefficients were used for the assessment of intra-and interobserver variabilities. All statistical tests were two-tailed, and P-values ,0.05 were considerate to indicate statistical significance.
Results

Regional function
At baseline, 560 segments (35 patients Â 16 segments) were available for analysis. 518 segments were successfully revascularized. Almost 50% of these segments (n ¼ 258) had a baseline SWT of 
Functional improvement
At the end of the study period, functional improvement was seen in 93, 70, 66, 36, and 5% of segments with no, 1 -25, 26-50, 51-75, and 75 -100% SEH, respectively (Table 2, Figure 1A ). The likelihood of functional improvement was inversely related to the SEH during the entire follow-up: at the end of the study period, segments with 1-25, 26-50, 51 -75, and 76-100% SEH were 2 (1.1 -3.6), 5 (2. Regional functional improvement, expressed in absolute numbers of improved segments and a percentage of baseline, for every MRI examination according to SEH; n, number of dysfunctional segments at baseline.
Similar results were found when analysing the data with different cut-offs for segmental functional improvement (2, 2.5, and 3 mm SWT change), although the odds ratios were lower due to the lower number of improving segments at these higher cut-offs.
Time course
The time course of functional improvement was considerably protracted: at 3 months, improvement was seen in less than half of all segments that eventually improved (71 of 159; 45%). Although improvement continued over the whole study period in all SEH-groups, the time course was significantly more delayed in segments with more extensive hyperenhancement at baseline (multilevel logistic regression, P , 0.001; Figure 1B) . At 3 months, the major part (54/98, 55%) of improvement in segments with no or minimal ( 25%) hyperenhancement was found in the first 3 months, vs. only 28% (17/61) of improvement in segments with .25% hyperenhancement. Conversely, more than one-thirds (22/61, 36%) of total improvement in segments with .25% hyperenhancement occurred between 6 months and the final follow-up, vs. only a small fraction (13/98, 13%) in segments with no or minimal hyperenhancement.
A total of 75 segments became dysfunctional at late follow-up. Twenty-two (18%) of 124 segments that initially improved (mean SWT at baseline 1.8 + 0.8 mm, 3 months follow-up 3.2 + 1.3 mm, 6 months follow-up 3.3 + 1.8 mm) showed a decrease in SWT .1.5 mm at late follow-up ending up as dysfunctional (mean SWT 1.4 + 1.0 mm). At baseline, 10 of these showed no hyperenhancement, and nine, two, and one segments had 1-25, 26 -50, and 51 -75% SEH, respectively. A similar proportion of revascularized segments with normal SWT at baseline [49 of 260 (19%)] became dysfunctional 2 years after revascularization (mean SWT 4.4 + 0.9 mm at baseline vs. 1.7 + 0.9 mm at late follow-up). The long-term follow-up also revealed worsening of regional function in four of 25 (16%) initially normokinetic, nonrevascularized segments (mean SWT 4.1 + 1.0 vs. 2.6 + 0.4 mm).
Global left ventricular function
Both end-diastolic and end-systolic LV volumes showed small but significant improvements at 3 months follow-up, with no additional changes at 6 months and 2 years. The ejection fraction showed a small increase at all follow-up time points, which reached statistical significance only at 6 months. There were no statistically significant changes in LV mass. Data are shown in Figure 2A -C.
For each patient, we calculated a viability index by adding the number of dysfunctional segments with SEH 50% and then dividing this by the total number of dysfunctional segments in the left ventricle. There was a significant, positive relation between the viability index and improvement in ejection fraction at late follow-up (regression coefficient r ¼ 0.47, P ¼ 0.005).
Discussion
This is the first study that used CMR imaging to evaluate long-term follow-up after revascularization in patients with chronic ischaemic myocardial dysfunction. Our results showed that both likelihood and time course of functional improvement were related to the amount of baseline myocardial scar.
Long-term functional outcome after revascularization
Previous studies have shown a variety of degenerative changes at cellular and subcellular levels in histological assessment of targeted biopsies taken at the time of CABG. 13, 14 Increased extracellular matrix, with replacement of cardiomyocytes by fibrosis, is considered to have a central role in the likelihood and time course of functional recovery after restoration of blood flow. Although the exact mechanism of hibernation is still not fully understood, several investigators have found a relation between functional outcome after revascularization and the degree of these morphological changes. 7,13 -17 Delayed contrast-enhanced CMR allows the accurate visualization and quantification of regional scar and is of proven value in the assessment of myocardial viability. 1, 3, 18, 19 Extending previous work, our results showed that functional outcome was inversely related to the baseline SEH at every time Functional recovery after revascularization point of the study. Compared with earlier studies using deCMR, we found a relatively low improvement rate at 3 months; for example, only 56% of segments without hyperenhancement improved vs. 78% reported by Kim et al.
1 However, at the end of the study period, improvement rate was higher than previously reported in all groups with less than transmural (,75%) enhancement. For example, after 2 years, almost all segments without hyperenhancement (93%) showed functional improvement.
Time course of recovery
Our results clearly show that delayed recovery is common in successfully revascularized hibernating myocardium, and that this was not limited to regions with more extensive structural damage, but that it also occurred in regions with no hyperenhancement. In all SEH groups, a comparable number of segments continued to show improvement throughout the study period. However, the relative time course differed considerably and, in fact, was inversely related to the SEH. Thus, both long-term likelihood and time course of functional improvement were predicted by the degree of morphological changes at baseline. Previous reports have shown that morphological changes are paralleled by metabolic alterations: regional scar extent was inversely related to FDG uptake by PET. 2, 20 Outcome was best in segments with both a thick viable rim .4.5 mm (indicating limited scar extent) and preserved FDG uptake, whereas segments with impaired FDG uptake (indicating more severe metabolic disturbance) had low likelihood of recovery despite the presence of thick viable rim. 2 However, follow-up in this study was shorter (11 + 2 months) and our data suggest that segments with a higher degree of metabolic disturbance may require a longer time to recover. In line with previous studies, we found that the negative predictive value of (almost) transmural hyperenhancement was high: only one segment with .75% SEH improved after revascularization. Apparently, extensive morphological changes preclude functional improvement, although technically we cannot rule out the possibility that some improvement would have occurred at an even longer follow-up time in segments with only little residual non-enhancing myocardium (.75 to ,100% transmurality).
Significant improvement in global LV function after revascularization requires a substantial amount of viable myocardium. 21 Longterm data are scarce, since most viability studies have focused on short-term ( 6 months after revascularization) changes in regional function. In our study group, there was a significant positive relation between the amount of dysfunctional but viable myocardium at baseline, estimated per patient, and improvement in the ejection fraction at late follow-up. However, we found only small changes in the mean global LV function after revascularization, even at late follow-up, which suggests that the improvement in regional function may not have been enough for global improvement. Alternatively, the regional improvement may have been partly offset by the 72 newly dysfunctional segments (13% of total) at late follow-up. Changes in global function are also influenced by several other factors, such as baseline volumes and ejection fraction, peri-procedural ischaemic accidents, and long-term graft failure or restenosis.
Limitations
Only 35 patients completed the whole study protocol, however this sample size is comparable with previously published studies that used deCMR and cine imaging in patients with chronic ischaemic heart disease and a revascularization procedure.
1,2
We chose a 16-segment model for the regional evaluation of LV function, because this can be directly translated into clinical practice. Transforming the CMR data into a limited number of segments involves averaging information of several slices. Although averaging data has the obvious disadvantage that some detail may be lost, it may at the same time help to prevent misregistration of follow-up scans, which is an important potential limitation in any long-term follow-up study of regional function. Although observers were unaware of patient identity during analysis of the cine data, follow-up studies could be identified by the presence of sternal wire or stent artefacts. It was not possible to differentiate between the various post-procedural time points.
Conclusions
In patients with chronic ischaemic LV dysfunction, improvement of dysfunctional but viable myocardium after revascularization can be considerably delayed. Both the likelihood and the time course of long-term functional improvement are related to the baseline amount of scar, as visualized by deCMR.
